The tarsier skull has been of particular interest in studies of primate taxonomy and functional morphology for several decades. Despite this, there remains no comprehensive data on how the tarsier skull develops, especially in relation to the soft-tissues of the head. Here we have documented for the first time fetal development of the skull and brain as well as the nasal septum and eyes in T. bancanus . We have also tested for the possible influence of these tissues in shaping skull architecture. Nineteen post-mortem specimens were imaged using high-resolution magnetic resonance imaging and magnetic resonance microscopy. Landmarks and volume data were collected and analysed. Findings demonstrated massive increases of brain size and eye size as well as flattening of the midline cranial base, facial projection and orbital margin frontation. Little evidence was found to support the notion that growth of the brain or nasal septum physically drives the observed changes of the skull. However, increases in the size of the eyes relative to skull size were associated with orbital margin frontation. With the possible exception of the results for eye size, the findings indicate that rather than forcing change the soft-tissues form a framework that physically constrains the morphogenetic template of the skeletal elements. This suggests, for example, that the degree of cranial base angulation seen in adulthood is not directly determined by brain expansion bending the basicranium, but by brain enlargement limiting the extent of cranial base flattening (retroflexion) in the fetus.
Introduction
Studies of tarsier cranial anatomy have fuelled considerable debate in the past regarding the origins and taxonomic affinities of Tarsiiformes (e.g. Cartmill, 1974;  different perspective, such as an ontogenetic study, would be particularly welcomed. The present study sets out to explore the most changeable part of tarsier ontogeny by documenting for the first time skull development in fetal specimens of Tarsius bancanus . The paper then tests hypotheses linking changes of bony skull morphology to the spatial requirements of the soft-tissues of the brain, the eyes and the cartilaginous nasal septum.
Over the last two centuries, numerous researchers have compared the crania of extant and extinct adult primates and perceived patterns in their morphological differences (Huxley, 1861; Dubois, 1869; Rutimeyer, 1871) . The most noticeable, and thus most documented trends, include changes from a prosimian-like flat midline cranial base, prognathic face, and open and divergent orbits, to the highly flexed base, retrognathic face and encapsulated, forward-facing (frontated) and medially convergent orbits seen in great apes ( Fig. 1) (Le Gros Clark, 1934; Cartmill, 1974 Cartmill, , 1978 Ross, 1995) . Several researchers have subsequently developed ideas that centre around the primacy of soft-tissue growth and evolution in the shaping of these skull features (Moss & Young, 1960; Moss, 1997a,b) . In contrast to a purely reductionist view of morphological inheritance, proponents argue that it is not necessary, nor desirable, to preprogramme (i.e. genetically determine) each and every morphological detail. In many cases the physical environment, both internal and external, and interpreted in its widest sense, can be (c,d) profile illustrating measurements of convergence, frontation, midfacial prognathism and orbito-facial integration: MSP, midsagittal plane (broken line, a,b); OMPt, plane that passes through the medial-and lateral-most margins of the orbit and intersects with MSP; the angle of orbital convergence is equal to 180° -α; INP, plane from inion to nasion (broken line, c,d); OMPs, plane that passes through the superior-and inferior-most margins of the orbit and intersects with INP; the angle of orbital frontation is equal to 180° -β; FPP, midfacial prognathism plane through nasion and the anterior nasal spine; the angle of facial projection is equal to 180° -γ; ACB and PCB, planes marking the endocranial surfaces of the anterior cranial base and posterior cranial base, respectively; the angle of cranial base flexion is equal to δ. Not to scale. relied upon to deliver an equitable outcome generation after generation whilst also allowing for rapid within-generation adaptation should that guiding environmental influence suddenly shift (Gould & Lewontin, 1979; Gould, 2002) . With this in mind, it has been postulated in various and numerous ways that growth and evolution of the soft-tissues has helped shape the primate skull (e.g. Weidenreich, 1941; Biegert, 1963; Enlow & Hunter, 1968; Duterloo & Enlow, 1970; Enlow & McNamara, 1973) . To exhaustively explore all of the proposals and their various permutations is impractical and would simply add to the morass. Nevertheless, common themes do emerge from the literature that warrant further investigation.
These themes are referred to here as the spatial-packing hypotheses. In essence, these hypotheses suggest that in order to accommodate progressive phylogenetic, or ontogenetic, enlargement of the brain, eyes and of the cartilaginous nasal septum, the basicranium flexes and the orbits frontate and converge towards the midline.
Convergence in turn reduces the amount of anterior facial projection that can be structurally supported by the interorbital region (Enlow, 1990) . The overall effect is to maximize the space available for the soft-tissues by rearranging the major skeletal components, though of course the effects can be limited by more immediate functional constraints (e.g. the orbits cannot converge too closely without impinging on the function of vision).
The spatial packing hypotheses are supported by data from several comparative studies of extant adult primates and limited experimental work (e.g. Copray, 1986) . With regard to the influence of the brain, Ross and colleagues' extensive comparative work documents a substantial degree of orbital convergence and frontation as well as flexion of the basicranium across extant adult primates (Ross & Ravosa, 1993; Ross, 1993 Ross, , 1995 . These changes were found to be strongly associated with large-scale increases of endocranial size relative to the length of the basicranium. This lends support to Gould's (1977) previous suggestion that the problem of packing in a larger brain is a major influence on the skull and basicranium in particular (see also Spoor, 1997; Noble et al. 2000; Ravosa et al. 2000; Barton, 2004; Ravosa & Savakova, 2004) .
Comparative studies of eye and orbit size have also demonstrated links with changes of skull architecture (Schultz, 1940; Moss & Young, 1960; Enlow & McNamara, 1973; McCarthy & Lieberman, 2001 ). Cartmill (1974 originally proposed that orbital convergence is linked to increasing orbit size relative to skull size and that this relationship can be used to infer the nocturnal and diurnal habits of primates. While the link between relative orbit size and activity pattern in primates is supported (see Kay & Cartmill, 1977; Kay & Kirk, 2000; Heesy, 2004; Kirk, 2006) , the proposed association of relative orbit size with convergence, and the potential knock-on effects of convergence on facial projection have not been fully explored. Some support for a link between eye size and changes of skull architecture can be found in the results from experiments on animals that involve enucleation and studies of human pathologies that influence the size of the eyes (Sarnat, 1978 (Sarnat, , 1982 Bukovic et al. 1997) .
A third soft-tissue component contained within the fetal primate skull that may also influence the orientation of the orbits, face and cranial base is the midline cartilaginous lamina that extends from the crista-galli and vomer to the anterior border of the presphenoid.
In the primate fetus the lamina is one cartilaginous structure flanked by the paraseptal cartilages and continuous with the mesethmoid (De Beer, 1985; Lozanoff et al. 2004) . In adults the mesethmoid part ossifies and extends to form the perpendicular plate of the ethmoid whilst the rostral part remains cartilaginous as the nasal septum. For convenience we refer to the larger, continuous structure seen in the fetus as the cartilaginous nasal septum (see Fig. 3 ), although strictly speaking this term refers only to the part that remains cartilaginous in adulthood (Sperber, 1981) . Once considered by Scott (1953) to be a major expansive force in shaping the face, the cartilaginous nasal septum is now believed by many to play more of a passive role (Moss et al. 1968; Carlson, 1985; Enlow, 1990) . Indeed, exvivo experimental data indicate that the septum is primarily morphogenetic (Koski, 1968; Ronning & Kantomaa, 1985) . However, Enlow (1990) contests that there can be no genetic blueprint for the nasal septum. Irrespective of the nature of formation and the role played in the skull, the septum is clearly an important component. This is substantiated by numerous animal experiments, investigations of developmental abnormalities and reports of surgical interventions as well as studies of ontogenetic and adult comparative samples (e.g. Schultz, 1935; Scott, 1953 Scott, , 1958 Ford, 1956; changes of skull architecture associated with alterations to the size and or shape of the nasal septum. The above spatial-packing hypotheses can be summarized as follows:
Brain hypothesis. This hypothesis states that changes in the position of the orbits, facial orientation and angulation of the midline basicranium are the structural consequences of fitting in a rapidly enlarging brain along a slower growing basicranium (for details of the original hypothesis see Ross & Ravosa, 1993) . The hypothesis predicts that orbital convergence and frontation, a reduction of facial projection as well as a reduction in the ventral angle between the posterior and anterior components of the basicranium (cranial base angle) are significantly correlated with increases in the size of the brain relative to the length of the skull base. However, the endocranium is not an amorphous volume. It is structurally divided by the tentorium cerebelli into infratentorial and supratentorial parts (Jeffery, 2002) . Therefore, two corollary hypotheses with the supratentorial brain relative to the anterior base and the infratentorial brain relative to the posterior base will also be tested.
Eye hypothesis. This hypothesis is derived from ideas first proposed by Cartmill (1974) To accept any of the above hypothesis, the results must reveal significant correlations of increases in relative sizes with increases of base flexion, orbital convergence and orbital frontation as well as with decreases of facial prognathism. As such, the hypotheses are formulated to focus on identifying only the principal factors shaping the developing tarsier skull. If the findings fail to demonstrate the correlations predicted then the hypothesis will be considered falsified. However, it is important to note that the hypothesis can only be considered falsified within the terms of the present study. For instance, it is possible that any one of the above scenarios partly explains the changes, but will be falsified here because it does not explain the bulk of the changes. Also, factors playing only a minor role in shaping the fetal skull, and therefore rejected here, may come to play more prominent roles later in development. Finally, additional and alternative factors not identified here may also contribute to the processes and mechanisms shaping the fetal tarsier skull. Notwithstanding these caveats, the testing of the above spatial-packing hypotheses should yield important insights into the major factors shaping development of the fetal tarsier skull.
Methods and materials
The sample consists of 19 post-mortem fetal T. bancanus specimens from the Hubrecht Laboratorium, the Netherlands (Richardson & Narraway, 1999) . Details are given in Table 1 . Measurements of crown-rump length (CRL; Streeter, 1920) were recorded for each specimen and ranged from 16.1 to 62.4 mm CRL. Wharton (1950) reports that a newborn captive bred Tarsius cabonarius The craniofacial region was defined by a set of landmarks given in Table 2 . Three-dimensional coordinates for each landmark were acquired from isotropic data sets using ImageJ (rsb.info.nih.gov/ij/) and then used to define line segments. Lines were measured against midsagittal (MSP) and lateral canal (LSCP) reference lines to obtain the angles of orientation detailed in Table 2 . Numerous alternative references lines and planes have been used in the past including, for example, the Frankfurt Horizontal or the inion to nasion plane orbital margins) as well as type I (e.g. foramen caecum) we can expect see some shape variance due to random landmarking error of the less homologous type II landmarks (Bookstein, 1992) . However, because the errors are random they are unlikely to obscure the analyses provided steps are taken to identify and describe only those components of the shape space that are significantly associated with growth (MQ) or the spatialpacking variables.
Cranial base lengths were defined by the landmarks Fc, Pp and Ba. Landmarks and angles are demonstrated on Figs 2-4 and described in Table 2 . The area of the nasal septum was taken by hand from midsagittal scans using the ImageJ trace facility (see Fig. 3 ). The inferior (ventral) margin of the septum was defined by the border with the vomer. The posterior margin was defined by the border with the presphenoid and the superior border runs under the mesethmoid in the interorbital region. Measurements of endocranial, supratentorial and infratentorial as well as eye volume were computed by outlining by hand (ImageJ trace facility) the margins of these structures in each slice and summing the area measurements. These data were used to compute values of relative endocranial sizes, relative eye sizes and relative septum sizes given in Table 2 . A previous study by one of us (N.J.) used similar samples and methods and showed that the measurement errors incurred are insignificant comparison with the biological variation (Jeffery & Spoor, 2002) .
Associations between bivariate measurements and shape data were analysed with Spearman's rank correlations and Reduced Major Axes regressions in PAST (http://folk.uio.no/ohammer/past). A potential problem with studying such a changeable period of ontogeny is that structurally independent measurements that strongly correlate with fetal size (or age) can also appear to be correlated with each other as their independent variations are carried along together by the same massive growth changes (Jeffery & Spoor, 2004) . A somewhat simplistic analogy is of two people running in opposite directions on a speeding train. To an observer on the track side both people appear to be 
Results
Raw measurements for each fetus are presented in Table 1 . A basic understanding of the growth-related trends evident within the sample is required to contextualize the hypotheses testing. Plots of angles, lengths, areas and volumes as well as relative sizes were made against the maturation quotient (MQ). Statistics for each of these plots are presented in Table 3 . Bivariate comparisons reveal that the angle of orbital margin frontation (AOMf) decreases significantly as the fetus matures whereas the angle of facial projection (AFP) and cranial base angle (CBA) increase significantly Not surprisingly, increases in length, area and volume showed highly significant positive correlations with fetal maturation (Table 3 ; Figs 6 and 7). The slope for the anterior base shown in Fig. 6 is significantly greater than that for the posterior base ( P < 0.001). Figure 7 demonstrates plots of skull volume (SKV), endocranial volume (EV), combined eye volume (EBV) and nasal septum area (NSA) against MQ. Plots for infratentorial and supratentorial volume are not shown but details are given in Table 3 . All plots are made dimensionally *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. equivalent to the MQ variable using cube and square roots. The slope for combined eye volume is significantly greater than that for endocranial volume ( P < 0.05).
To determine if any of the potential spatial packing problems worsen as the fetus matures, plots of relative endocranial, eye and nasal septal sizes were made against MQ. There were no significant changes in relation to MQ for endocranial size relative to base length (IRE), supratentorial size relative to anterior base length (RSE) or relative nasal septum size (IRNi, ii, iii). Details of significant changes of spatial packing variables against MQ are given in Table 3 . Plots of infratentorial size relative to posterior cranial base length (RIE) reveal a significant decrease (Fig. 8) . This shows that as the fetus matures the proposed problem of squeezing in a larger infratentorial brain along the posterior cranial base actually diminishes slightly. By contrast, the size of the eyes relative to skull size (IRO) does show a small but significant increase with fetal maturity. This suggests that the proposed problem of packing in the large tarsier eyes within the skull gradually worsens as the fetus matures. The growth of the eyes also leads to significant growth-related increases of relative endocranial plus eye size (IREOi,ii) and relative softtissue size (IRSTi,ii) (see Fig. 9 ).
Plots of scores from principal components 1-10 were made against MQ to document fetal growth-related non-Euclidean shape changes. Only scores from the first PC (representing 32.3% of the total variance) were significantly correlated with MQ ( Fig. 10 ; see Tables 6   and 7 ). The other nine components reveal low correlation coefficients in the range -0.07 to 0.27 (ns). Having established the general growth-related trends, the hypotheses were tested. Tests were carried out by comparing both angular measurements and PC scores against spatial-packing variables (Tables 4 and 6 ).
In terms of the measurements taken, the spatialpacking hypothesis predicts that increases of relative size are negatively correlated with (1) Table 2 for landmark details and see main text for a description of shape changes). Reduced major axes regression are also shown. Significant correlations highlighted in bold type: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. †IRNi,ii does not significantly correlate with MQ so partial correlation method invalid. above). It is possible that the correlations between angular and spatial-packing variables given in Table 4 are an artefact of these strong growth-related trends rather than any real structural interaction. Partial correlations controlling for background changes in MQ were therefore computed and are given in parentheses in Table 4 . In addition, residuals from plots against MQ were used in regression and rank coefficient calculations ( Table 5 ). Comparisons that revealed both significant partial correlations and rank correlations between residuals were deemed to be free from background growth-related variances and to be representative of possible structural relationships between angular and spatial-packing variables.
The analyses revealed that there is a robust association between relative eye size (IRO) and the angle of orbital Table 5 Bivariate comparisons of residuals from plots against MQ for significantly correlated variables (see Table 4 ) Significant correlations highlighted in bold (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).
margin frontation (AOMf). This strong link is carried over to yield significant correlations in combination with the endocranial size in variables IREOi,ii and IRSTi,ii (Fig. 11a-e) . These correlations are negative, i.e.
orbital margin frontation is decreasing with increases of relative size. This is the opposite of the trend predicted by the hypotheses. Findings also demonstrate robust correlations of the angle of facial projection (AFP) against the size of the eyes plus endocranium relative to cranial base length (IREOii). Again, this link is carried over to yield correlations with IRSTii (Fig. 11c,e ) and is (Table 4) . These anomalies may simply reflect the differences between the statistical methods used or could suggest that after adjustment for fetal growth there may be a weak relationship of the cranial base angle (CBA) with RIE and IRO (Fig. 11a,f) .
To test the hypotheses in terms of non-Euclidean shape, comparisons were made of the first ten principal component scores against spatial-packing variables.
PC1 scores, which account for 32.2% of the total variance, significantly correlated with RIE, IRO, IREOi,ii and IRSTi,ii. These variables and PC1 scores also show strong correlations with MQ. To evaluate the compounding influence of growth, partial correlations were computed whilst controlling for MQ. These are given in parentheses in Table 6 . The findings reveal that the 32.3% of the variation represented by PC1 is primarily related to growth of the fetus rather than any specific shape response to spatial packing. Significant growth-adjusted associations were observed between PC4 scores and RIE, PC7 scores and IRNii, and PC9 scores and IRE (Fig. 12a,b) . Reconstructions for the plot of PC4 scores against RIE show that the orbital margins tilt to a more coronal, forward-facing position and that the hormion region decreases in relative size (Fig. 12a) . Reconstructions for associations with PC7 and PC9 are also given in Fig. 12 (b,c) . However, as the changes represented are so small (3.4 and 2.2% of total variance, respectively) it is unlikely that these reflect any major spatial-packing influence of the nasal septum and endocranial size. These findings are consistent with those from previous studies of primate fetuses (Jeffery & Spoor, 2002; Jeffery, 2003) . However, the rate of cranial base retroflexion for the present tarsius sample (slope = 0.21) is noticeably less than that reported for fetal samples of Macaca nemestrina (0.28) and Aloutta caraya (0.43) (Jeffery, 2003) . In studies of human samples, most of the convergence is reported to occur early in development, primarily during the late embryonic stages of life (Zimmerman et al. 1934; Sperber, 1981; Diewert, 1985) .
Discussion
It is possible that similar late embryonic, early fetal orbital convergence was not sampled sufficiently in the present study. The youngest individual studied here was already 26% MQ. Overall increases of endocranial size were shown to be primarily due to supratentorial enlargement, corresponding to the diencephalon and the cerebrum.
The rate of expansion is almost three times that for the infratentorial (i.e. cerebellum plus brainstem) compartment. Although in each specimen the combined volume of the eyes is less than that of the endocranium, the rate of eye growth against MQ is significantly greater than that for the endocranium. This indicates that eye size may exceed brain size following further postnatal development and supports earlier reports that the tarsier eyes are the same or greater than the size of the brain (Sprankel, 1965; Castenholz, 1984) . This remarkable rate of fetal eye growth probably reflects selection for visual adaptations (see Kay & Kirk, 2000; Collins et al. 2005) . The rate of endocranial enlargement in the present tarsier sample (slope = 0.12) is less than half that for fetal samples of Macaca nemestrina (0.45) and Aloutta caraya (0.38) (Jeffery, 2003) . The same is also true for increases of the supratentorial volume (0.12, 0.44 and 0.37, respectively) and for increases of infratentorial volume (0.04, 0.17 and 0.16, respectively).
Overall, growth of the tarsier fetus occurs at about half the rate of that observed for Macaca and Alouatta (Jeffery, 2003) . In summary, we can reject the hypothesis that relative enlargement of the nasal septum significantly influences skull development. Furthermore, given results from this and previous studies (Jeffery & Spoor, 2002; Jeffery, 2003) we can also reject the hypothesis that relative brain enlargement is a significant factor. However, findings appear to support the hypothesis that eye enlargement, as well as the effects of eye enlargement combined with those of other soft tissues, can influence tarsier skull development, particularly orbital frontation.
It is important to note that several other soft-tissue components not investigated in the present study could also have had a significant influence. For instance, the reduction in the size of the olfactory bulbs, which has been used to link the tarsiers with the anthropoid primates, may have had a significant influence on the cranial base and interorbital architecture.
In addition, changes to the cortical vs. non-cortical parts of the brain have also been proposed as an influence on basicranial morphology (Strait, 1999) . These and similar ideas warrant further consideration in any future investigations of the spatial-packing hypotheses.
The finding that cranial base angle is independent of relative brain size corroborates results from two previous fetal studies (Jeffery & Spoor, 2002; Jeffery, 2003) . The cranial base appears to flatten out (retroflex) during fetal development in Homo sapiens, Alouatta caraya, Macaca nemestrina and T. bancanus despite massive increases of absolute brain size, and in some cases marked increases of relative brain size too. These findings indicate that brain expansion is not the primary driving force behind basicranial flexion. However, this does not preclude the interesting possibility that brain expansion tempers or limits the extent of basicranial retroflexion determined morphogenetically (Lieberman et al. 2000; Gould, 2002; Ross & Ravosa, 1993; Spoor, 1997; Jeffery & Spoor, 2002; Jeffery, 2003; . The discrepancy could arise because the fetal studies document the process of constraint within a species whereas the adult studies demonstrate species differences in the end points at which basicranial retroflexion was halted by brain expansion. In reality, the interaction among tissues is likely to be more complicated than depicted here. It would involve, for example, other tissues such as the upper respiratory tract constraining the extent of basicranial flexion later in postnatal human development (see Jeffery, 2005) . Consequently, the next challenge is to work out whether the proposed effects of developmental constraint can be observed among other tissue types and to determine if the effects of relative eye enlargement are unique to tarsiers or can be found in primate species with smaller eyes.
